The paper illustrates the results of an extensive analytical characterization study of automotive shredder residues (ASR), also known as "fluff". The analyses concerned material fractions and their content, with special reference to heavy metals (e.g. Cd, Cr, Hg, Pb, Cu) and arsenic. Elution tests on the original materials were also conducted. Moreover, chemical concentrations of ASR samples after about five years' landfill residence was assessed, in order to verify possible changes resulting from both in-situ leaching and organic matter degradation phenomena. Results show that lead seems to be the most critical element in view of possible ASR acceptance in non-hazardous waste landfills because of its high concentration in raw waste and, especially, of its proven leachability characteristics.
INTRODUCTION
The end-of life vehicles' (ELVs) treatment process involves a preliminary manual separation of potentially dangerous materials (e.g., batteries, fuel, lubricating oils, tires) followed by shredding and mechanical recovery of recyclable materials, e.g., iron, other metals, plastics (Panaitescu et al., 2008; Cioca et al., 2010) . What remains after this step, usually termed "Automotive Shredder Residue (ASR)," "auto fluff', or simply "fluff', amounts to about 25% of the weight of the original vehicle, and it is generally landfilled, although some thermal processes are applied (Vermeulen et al., 2011; Mancini et al., 2014) . Landfilling of ASR, and of solid waste in general (Rada et al., 2010 ) entails significant environmental and health issues mainly due to leachate and biogas production. The main pollutants of leachate are organic compounds, ammonia, and heavy metals. Several combinations of biological processes for ammonia and BOD removal (Farabegoli et al.; 2003; Chiavola et al.; with physical-chemical processes for COD, heavy metals and the same ammonia are generally used for leachate treatment. The biogas produced by ASR landfills is a rather small fraction of the total production of biogas, which in Europe amounts to approximately 10 Mtoe y -1 (Raboni and Urbini, 2014) . However, it is characterized by the presence of hazardous organic compounds classified as PAHs and VOCs 2008; which are present in the atmosphere of many cities (Ravindra et al., 2013; Torretta et al., 2013b) . Due to its high toxicity, many efforts are directed towards the removal of these compounds from waste air streams and in particular biological processes seem very promising (Copelli et al., 2012; Rada et al., 2014a; Torretta et al., 2013a; Ivascu and Cioca, 2014) .
There is ongoing debate on the hazardousness of ASR, so that in some cases they are disposed of in landfill for hazardous wastes, while in other cases are disposed of in the same landfill as MSW (Rada et al., 2014b; Torretta et al., 2014) . This issue is influenced by available ASR recovery technologies and, more recently, also by changes in vehicles' design, which is more and more oriented toward high material recovery efficiency for ELVs, and alternative engines or fuels (Torres et al., 2013) with the aim of minimizing environmental impact. Such trends are also influenced by European legislation (Directive EC/2000/53 on end-of life vehicles), which promotes suitable vehicle designs in order to facilitate component recovery and recycling. The same Directive foresees that, by January 2015, recovery and recycling targets shall rise to 95% and 85%, respectively, in order to reduce the role of landfilling.
Literature reports several references concerning ASR chemical-physical characterization, but no results have been found regarding their release of heavy metals after a few years of landfilling.
This paper shows the results obtained by an extensive analytical characterization of ASR samples produced by different Romanian car dismantling companies. Material composition as well as chemicals contents (e.g. heavy metals, arsenic) of both ASR and leachate obtained by standard leachability tests were measured. Moreover, analyses of ASR samples after about five years of landfill residence were carried out, in order to assess changes in their chemical composition after the occurrence of rainwater leaching and organic degradation processes. Such information can also be useful to understand the environmental impact of this type of waste in a landfill, and to assess the feasibility of landfill mining practices for the recovery of components to be reintroduced in the recycling market. The paper considers the characterization of this waste after a long period spent in the landfill.
MATERIALS AND METHODS
ASR generated at several car dismantling companies, located in an industrial area of central Romania, was first collected and mixed; numerous samples were then collected using the quartering method.
Seventy ASR samples were subjected to batch leaching tests using de-ionized water as extractant: the liquid-to-solid ratio was 10 L kg -1 total solids (TS). Eluates and washed materials were analyzed in order to evaluate the concentrations of heavy metals (Cd, Cr, Hg, Pb, Cu) of interests, in addition to As.
For the characterization of waste, 70 further samples of raw ASR were separated into 7 classes such as: rubber; plastics; paddings; fabrics; metals; others (e.g. paper, rope, wood, leather); fines (residues smaller than 20 mm). These samples were submitted to the same tests described for the ASR samples (heavy metals as well arsenic detection in waste and eluate).
Finally, 48 core samples of waste were obtained from 15 boreholes in landfills exclusively dedicated to ASR disposal coming from the very same car dismantling companies, where this waste had been disposed for more than five years. Drilling was performed using the cable-tool percussion technique without circulating fluids in order to obtain chemically undisturbed samples. Sampling depths, ranging from 10 to 25 m (maximum landfill depth: 30 m), corresponded to the estimated position of ASR that was landfilled approximately 6 years before. Afterwards, representative waste samples were taken from the collected core samples to determine their Cd, Cr, Hg, Pb, Cu and As content.
Analyses of wastes were made according to standard methods (USEPA, 2014). Analyses of water were made according to Official standard methods for the Examination of Water and Wastewater (APHA et al., 2012) .
Statistical analysis of the results was performed in order to estimate mean (m), standard deviation (s) and coefficient of variation (CV = s/m).
RESULTS AND DISCUSSION

ASR composition
The average composition of analyzed ASR (Figure 1 ) shows a preponderance of the "fines" fraction, 40.1% in weight (average value), as found elsewhere in literature, 34-66% (Cossu et al., 2012) . The second most common component is rubber (average value: 19.6% wt), followed by plastics (average value: 13.1% wt). Proportions of metals are very low (average value: 5.1% wt), a fact indicating good separation efficiency of the dismantling process. Such results depend on the degree of shredding and on the material recovery efficiency of the various car dismantling companies.
Moreover, ASR composition shows generally a huge variability: coefficients of variation are greater than 0.50 for all the fractions, except for rubber and metals.
Chemicals content of ASR and eluates
Raw waste analysis
The chemical analysis of raw ASR (Figure 2a) shows a significant presence in all samples of lead (5,805 mg kg TS -1 ), copper (2,290 mg kg TS -1 ) and chromium (278 mg kg TS -1 ). In a few samples, arsenic and mercury were also found: their concentration was low but quite variable (CV was equal to 1.36 and 1.82, respectively). Leachability test results (Figure 2b ) emphasize strong leaching of cadmium (about 5% on average of the total amount found in the raw ASR) even in the face of the small number of positive tests (20%). Also, lead and chromium showed leaching potential (1.25 and 0.82%, respectively of the total amount found in the raw ASR) in all samples, while arsenic and mercury concentrations were always below the detection limits. 
Single materials analysis
Figures 3, 4 and 5 represent the results found of the single materials composing the raw ASR and their respective eluates. Chemical analysis of individual material fractions shows that the "fines" fraction is the major carrier of some contaminants ( Figure 5 ).
As seen for the whole raw ASR (Figure 2a) , lead has the highest concentration in every ASR fraction (range: 881-7,120 mg kg TS -1 ) except for metals, of which copper is the highest one. The presence of lead can be explained by the presence of battery fragments or electrolytes, lead-based pigments, weldings, bearings, stabilizers for plastics and rubber. The high concentration of copper in the metallic fraction is most likely due to cable residuals, which were found in the waste. Concerning the eluates, lead is the most mobile pollutant, especially in paddings (Figure 4) , followed by copper. Arsenic and mercury were not detected in the ASR eluate fractions. The widespread presence of such heavy metals in all fractions is likely to be determined by the "fines" and the contaminated fluids' (e.g. battery electrolytes) dispersion into the ASR. This outcome validates the treatment solution proposed by some authors, which consists of ASR washing prior to landfilling (Cossu et al., 2012) . Figure 6 shows the concentration frequency histograms concerning the three most significant pollutants found in ASR samples cored five years after landfilling: cadmium, copper and lead. Cadmium concentration has a typical normal distribution (Figure 6a ), while both copper and lead have a lognormal one (Figure 6b and 6c ). Such findings demonstrate the homogeneous presence of the heavy metals in the ASR waste, which could be justified by the following phenomena: percolating lead-batteries liquids; water leaching, which distributes the "fines" (the most polluted fraction) into the waste. Comparing the results to the average concentrations found in the original raw ASR (Figure 2a) , lead seems to have undergone the major leaching effect (just less than 60% of loss on average), while cadmium and copper had not been mobilized at all (less than 2% of loss on average). 
Chemical content in samples five years after landfill disposal
CONCLUSIONS
Analyses carried out on automotive shredder residues samples before landfill disposal revealed a preponderant presence of the "fines" fraction (particles smaller than 20 mm) in which most contaminants are also concentrated. Their composition showed an enormous variability (coefficient of variation greater than 0.5, except for "fines"). Moreover, "fines" were found dispersed and absorbed in all fractions, paddings in particular.
Lead is the most abundant heavy metal, with average and peak concentrations of 5,805 and 42,125 mg kg TS -1 , respectively. Significant presence of copper and cadmium was also found. Leachability tests with de-ionized water prove that lead is the most critical element that may preclude the acceptance of automotive shredder residue in non-hazardous waste landfills, according to European regulations. Lead was found in 100% of the examined eluate samples, at mean and maximum concentrations of about 72 and 285 mg kg TS -1 , respectively. Tests on cored samples after about five years from landfill disposal also confirmed the strong leaching of lead, likely due to "fines" washing and the anomalous presence of lead-battery fragments or liquids.
Analyses confirm the critical issues connected with the disposal of automotive shredder residues in non-hazardous landfills, due to a high presence of heavy metals (mainly: lead; secondarily: copper and cadmium) and the possibility of their significant release over time, as confirmed by elution tests on raw and "seasoned" ASR. A possible solution may entail the adoption of more careful recovery and recycling processes (e.g. ASR washing prior to landfilling), as well as more efficient "fines" separation before the landfill disposal of residues.
